We present high-precision photometry of three transits of the extrasolar planetary system WASP-2, obtained by defocussing the telescope, and achieving point-to-point scatters of between 0.42 and 0.73 mmag. These data are modelled using the JKTEBOP code, and taking into account the light from the recently-discovered faint star close to the system. The physical properties of the WASP-2 system are derived using tabulated predictions from five different sets of stellar evolutionary models, allowing both statistical and systematic errorbars to be specified. We find the mass and radius of the planet to be M b = 0.847 ± 0.038 ± 0.024 M Jup and R b = 1.044 ± 0.029 ± 0.015 R Jup . It has a low equilibrium temperature of 1280 ± 21 K, in agreement with a recent finding that it does not have an atmospheric temperature inversion. The first of our transit datasets has a scatter of only 0.42 mmag with respect to the best-fitting light curve model, which to our knowledge is a record for ground-based observations of a transiting extrasolar planet.
. Log of the observations presented in this work. N obs is the number of observations and 'Moon illum.' is the fractional illumination of the Moon at the midpoint of the transit. tio of a planet to its parent star can also be obtained through measurements of the depth of its occultation (secondary eclipse) at a range of wavelengths, delivering constraints on the structure of extended and highly irradiated atmospheres (e.g. Knutson et al. 2008; Anderson et al. 2010) .
To measure the physical properties of a TEP we need a good light curve covering one or more transits, radial velocity (or astrometric) observations of its parent star at a range of orbital phases, and one additional constraint usually supplied by forcing the properties of the parent star to match predictions from theoretical stellar models. Detailed error budgets of the analysis process (Southworth 2009) show that the dominant contributor to the uncertainties is almost always the light curve. We have therefore embarked on a project to obtain high-quality light curves of transiting systems and thus measure their physical properties as accurately and homogeneously as possible.
Our approach to obtaining transit light curves is to heavily defocus a telescope, spreading the light from each star over thousands of pixels on the CCD, and take images with comparatively long exposure times of up to 120 s. Because the light from each star is distributed over thousands of pixels, it is possible to achieve both a very low Poisson noise and minimal flat-fielding errors. Using long exposure times mean we spend less time overall reading out the CCD, so are able to detect more light from the star and decrease the noise due to scintillation. Defocussing the telescope means our observations are subject to a higher background light level, but this is not important for the bright stars around which most known TEPs have been found. In this work we present defocussed observations of the planetary system WASP-2, obtained using two telescopes and achieving scatters ranging from 0.42 to 0.73 mmag per datapoint.
The transiting nature of WASP-2 was discovered by Collier Cameron et al. (2007b) (see also Collier Cameron et al. 2007a) in photometry from the SuperWASP-North telescope (Pollacco et al. 2006 ). The planet WASP-2 b is slightly larger and less massive than Jupiter, whilst the star WASP-2 A is rather smaller and cooler than the Sun. Follow-up photometry of one transit was presented and analysed by Charbonneau et al. (2007) , and reanalysed by Torres et al. (2008) and Southworth (2008 Southworth ( , 2009 . Another transit has also been observed with the William Herschel Telescope (Hrudková et al. 2009 ). Triaud et al. (2010) has presented a study of WASP-2 which incorporates spectroscopic observations of the Rossiter-McLaughlin effect, spectroscopic estimates of the effective temperature and metal abundances of the host star, and a re-analysis of the light curves from Charbonneau et al. (2007) and Hrudková et al. (2009) . Wheatley et al. (2010) has recently presented infrared Spitzer observations of the secondary eclipse of the system.
The study of WASP-2 presents an additional complication in the recently-discovered presence of a faint companion star to the WASP-2 system. Daemgen et al. (2009) used the high-speed "lucky-imaging" camera AstraLux to obtain images of the field of WASP-2 in the SDSS i and z passbands and with a high spatial resolution. These authors discovered a faint point source within 0.76 ′′ of WASP-2, and measured magnitude differences of ∆i = 4.095 ± 0.025 and ∆z = 3.626 ± 0.016 mag with respect to our target star. These correspond to a light ratio of 0.0354 ± 0.0005 and 0.0230 ± 0.0005 in the two filters, respectively. Because this faint star was within the point spread function (PSF) of all previous photometric observations, studies which relied on these data will be systematically incorrect by a small amount. In Section 3.2 we outline our method for accounting for the light from this faint star.
OBSERVATIONS AND DATA REDUCTION
We observed three transits of WASP-2 in 2009 June and August, using the 1.54 m Danish Telescope 1 at ESO La Silla, Chile. We also observed one transit on the night of 2009 November 11 using the 1.52 m G. D. Cassini Telescope 2 at Loiano Observatory, Italy. The second of our transit observations was strongly affected by cloud, so we do not include these data in our analysis. The fourth transit (Cassini) was also taken in non-photometric conditions, causing the observations to be noisier than intended. An observing log is given in Table 1 .
Observations taken with the Danish telescope used the DFOSC focal-reducing imager, which has a plate scale of 0.39 ′′ px −1 . The CCD was not binned, but was windowed down by varying amounts to decrease the readout time. All observations were done through a Cousins R filter, and the amount of defocussing was adjusted until the peak counts per pixel from WASP-2 were roughly 25 000 above the sky background, resulting in doughnut-shaped PSFs with diameters ranging from 30 to 45 pixels. The pointing of the telescope was maintained using autoguiding, and we did not change the amount of defocussing during individual observing sequences. The observing sequence from the Cassini telescope used the BFOSC focal-reducing imager (plate scale 0.58 ′′ px −1 ) and the same approach as for the Danish telescope.
Several images were taken with the telescopes properly focussed, to verify that there were no faint stars within the defocussed PSF of WASP-2. The closest detectable star is 4.7 mag fainter and at a distance of 18 ′′ , and its PSF did not overlap with our target star. We conclude that no stars interfere with the PSF of WASP-2 aside from the one at 0.76 ′′ discovered by Daemgen et al. (2009) . Data reduction was performed as in previous papers (Southworth et al. 2009a,b,c) , using a custom pipeline written in the IDL 3 programming language and accessing the DAOPHOT package (Stetson 1987) their positions were held fixed throughout the observing sequence. For transits 2 and 4 the pointing was monitored by cross-correlating each image with a reference image, and the apertures shifted to follow the stars. We tried a wide range of aperture sizes and retained those which gave photometry with the lowest scatter; in each case we find that the shape of the light curve is very insensitive to the aperture sizes.
Up to 11 comparison stars were measured on each image, and checked for short-period variability. We then selected the five best and combined them into a weighted ensemble which minimised the scatter in observations before and after transit. Simultaneously with this procedure we fitted a straight line to the data outside transit to normalise the light curve and remove slow magnitude drifts due to atmospheric effects.
We also tried flat-fielding and debiassing the observations before measuring aperture photometry. We found that our treatment of the CCD bias level had a negligible effect, and that flat-fielding the data actually made things worse. We therefore debiassed the data but did not flat-field them. The final light curves are shown in Fig. 1 and tabulated in Table 2 . The scatter in the final light curves varies from 0.42 to 0.73 mmag. To our knowledge the first transit dataset represents the most precise light curve of a point source ever obtained from a ground-based telescope.
LIGHT CURVE ANALYSIS
The analysis of our light curves was performed using the approach discussed in detail by Southworth (2008 Southworth ( , 2009 Southworth ( , 2010 , so our results are consistent with the homogeneous analysis of TEPs presented in those works. In short, the light curves were modelled using the JK-TEBOP 5 code (Southworth et al. 2004a,b) , which is based on the EBOP program (Popper & Etzel 1981; Etzel 1981; Nelson & Davis 1972) where the two components of a binary system are simulated using biaxial spheroids. The asphericity of the components is governed by the mass ratio, for which we used the value 0.0009. Large changes in this value have a negligible effect on our results, partly because in a system with a circular orbit the times of eclipse are when the sky projections of the components suffer the smallest distortion.
Period determination
As a first step in the analysis of WASP-2 we have performed a fit to each of our three light curves separately using JKTEBOP. The measurement errors of our photometry (which come from the APER routine) were found to be underestimated so were rescaled to give a reduced χ 2 of χ 2 ν = 1.0 with respect to the best-fitting model (see Bruntt et al. 2006) .
These individual fits also yielded one time of minimum light each. The uncertainties in these values were estimated using Monte Carlo simulations. We have augmented them with three times of minimum light taken from Collier Cameron et al. (2007b) , Charbonneau et al. (2007) and Hrudková et al. (2009) number of AXA and TRESCA timings were rejected due to noisy data or incomplete coverage of the transit. Armed with these times of minimum light we have redetermined the orbital ephemeris of the WASP-2 system to be T0 = HJD 2 453 991.51455(17) + 2.15222144(39) × E where E is the number of orbital cycles after the reference epoch and quantities in parentheses denote the uncertainty in the final digit of the preceding number. The χ 2 ν of the straight line fitted to the timings is equal to 1.53, so the ephemeris uncertainties were multiplied by the square-root of this number to yield the values quoted above. A plot of the residuals around the fit is shown in Fig. 2 . Including the 22 amateur epochs roughly doubles the precision of the ephemeris.
There were several cases during the 2009 MiNDSTEp observing season, which is primarily oriented to studying microlensing events towards the Galactic bulge, where photometric observations appeared to occur slightly earlier than expected. The timestamps imprinted in the DFOSC fits file headers are currently under investigation. The Julian Dates for the DFOSC observations presented in the current work should therefore be treated with caution, as should the observations of WASP-18 studied by Southworth et al. (2009c) . One of the reasons for obtaining a further transit observation of WASP-2 with the Cassini telescope was to improve its orbital ephemeris and allow an external check on the DFOSC timings. We find that the two DFOSC transits occur 12 ± 8 s later than would be expected, implying that there is no problem with their timestamps. We have therefore included these timings in our period study.
Accounting for the light from the faint star
Light from the faint star, discovered by Daemgen et al. (2009) 0.76 ′′ away from WASP-2, must be accounted for to avoid systematically underestimating the radius of the planet. The PSF of WASP-2 in our observations includes essentially all the light from the faint star, and even our focussed observations were unable to pick this star up due to its faintness and closeness to our target star. Daemgen et al. (2009) obtained light ratios between the WASP-2 system and the faint star in the SDSS i and z bands. We have extrapolated these light ratios to the RC band using synthetic spectra calculated with the ATLAS9 model atmospheres (Kurucz 1979 (Kurucz , 1993 and filter response functions taken from the Isaac Newton Group website 8 . We find an effective temperature for the faint star of T eff = 3780 ± 46 K and a light ratio of ℓR = 0.0176 ± 0.0007, where the errorbars include contributions from uncertainties in the i and z light ratios and in the T eff of WASP-2 A. There will be a systematic error in ℓR from the use of theoretical model atmosphere calculations, but this will be very small as the effective wavelength of RC is close to that of i. The systematic error in the T eff of the faint star will be substantially larger, but can be ignored because we do not use this T eff measurement in our analysis.
The light from the faint star can be straightforwardly included in our photometric analysis, as JKTEBOP (and other light curve codes) allow for this possibility under the moniker 'third light' (symbolised by L3). Southworth (2010) modified JKTEBOP to allow L3 to be included as a fitted parameter constrained by a measured value. For our defocussed observations, which were all taken through the RC filter, we adopt L3 = 0.0176 ± 0.0007. The observations of Charbonneau et al. (2007) were obtained using an SDSS z filter, for which a magnitude difference (light ratio) was given directly by Daemgen et al. (2009) .
Light curve modelling
Our light curves have been modelled using the JKTEBOP code. The main parameters of the model are the fractional radii of the star and planet, rA and r b (the radii of the components divided by the semimajor axis), and the orbital inclination, i. rA and r b are actually incorporated as their sum, rA+r b , and ratio, k, as these parameters are more weakly correlated.
The two Danish telescope datasets were solved simultaneously and the Cassini telescope data were studied separately. We have also revisited the z-band light curve presented by Charbonneau et al. (2007) , and this solution supersedes that of Southworth (2008) which was presented before the faint star nearby WASP-2 was discovered.
Limb darkening (LD) was included using any of five LD laws (see Southworth 2008) and with theoretical coefficients (uA and vA) obtained by bilinear interpolation in the tables of Van Hamme (1993), Claret (2000 Claret ( , 2004a and Claret & Hauschildt (2003) . Solutions were obtained with uA and vA both fixed, both included as fitted parameters, and with uA fitted and vA perturbed by ±0.10 on a flat distribution. For our final solutions we adopt the last of these three possibilities, as the data cannot support the extraction of both LD coefficients. This does not cause a significant dependence on stellar theory because the two LD coefficients are very strongly correlated (Southworth et al. 2007a) .
We assessed the uncertainties of the fitted parameters using 1000 Monte Carlo simulations for each solution (Southworth et al. 2004c (Southworth et al. , 2005 . The residual-permutation method (Jenkins et al. 2002) was also used to account for correlated noise, which was found to be unimportant for all sets of observations. The results for each light curve are given in Tables 4, 5 and 6.
The final value quoted for each light curve parameter is the unweighted mean of the values from the four nonlinear LD law solutions. Its uncertainty is the larger of two possibilities: the largest of the individual Monte Carlo uncertainties with the largest deviation from the mean value added in quadrature; or the uncertainty found by the residual-permutation method. The best fits are shown in Fig. 3 and their parameters are tabulated in Table 7 . The agreement is unusually good, with χ 2 ν values of between 0.1 and 0.3 in the final weighted-mean values. Table 8 contains literature values of the light curve parameters; a direct comparison with our results in Table 7 shows not only a good agreement but also a substantial decrease in the errorbars. A quick check of the Monte Carlo simulation output shows that L3 is almost uncorrelated with the other fitting parameters. The inclusion of third light in the light curve solutions does not cause any difficulties in this case because its value is small and well-determined.
THE PHYSICAL PROPERTIES OF WASP-2
In order to determine the physical properties we need the light curve parameters determined above, the velocity amplitude of the star (KA = 153.6 ± 3.0 km s −1 ; Triaud et al. 2010) , and one additional constraint. We supply this extra constraint by forcing the physical properties of the star to match predictions from theoretical stellar models, guided by the observed effective temperature (T eff = 5150 ± 80 K; Triaud et al. 2010) 
and metallicity (
Fe H = −0.08 ± 0.08; Triaud et al. 2010) . For the parameter which governs the solution process we use the velocity amplitude of the planet, K b .
For the theoretical models we use five different sets of tabulations: Claret (Claret 2004b (Claret , 2005 (Claret , 2006 (Claret , 2007 , Y 2 (Demarque et al. 2004) , Teramo (Pietrinferni et al. 2004) , VRSS (VandenBerg et al. 2006) and DSEP (Dotter et al. 2008) . A detailed description of this solution process can be found in Southworth (2009) and a discussion of the five stellar models and the alternative empirical massradius relation is given by Southworth (2010) . The use of five dif- ferent model sets allows the assessment of their interagreement and thus the systematic error engendered by relying on theoretical predictions. In reality this will yield only a lower limit on the systematic errors, as the different models have a lot of commonality in their input physics. There are two parameters which do not depend on the stellar model tabulations -the surface gravity and equilibrium temperature of the planet (Southworth et al. 2007b ; Southworth 2010) -and one for which the dependence is negligible -the stellar density (Seager & Mallén-Ornelas 2003) .
The results of the above analysis are estimates of the physical properties of the WASP-2 system, given in Table 9 for each stellar model set and for the empirical stellar mass-radius relation defined by Southworth (2008) . The mass, radius, surface gravity and density of the star are denoted by MA, RA, log gA and ρA, and of Charbonneau et al. (2007) 
and Safronov (1972) number (Θ) are also determined. Table 10 contains the final physical properties from this work, calculated as the unweighted mean of the individual results for the five stellar models. The statistical error for each parameter is the largest from the models, and the systematic error the standard deviation of the individual model results. Table 10 also contains results from published studies of WASP-2, which are in good agreement with our results but are less precise.
SUMMARY
Obtaining a high-precision light curve is a crucial part of measuring the physical properties of transiting extrasolar planets. In this work we have presented photometric observations obtained through a heavily defocussed telescope and covering three transits of WASP-2. The first of these observing sequences has a scatter of only 0.42 mmag around the best-fitting model, which to our knowledge is a new record for a ground-based light curve of planetary transit.
These data were analysed with the JKTEBOP code, taking into account the contaminating light from a fainter companion star within 0.76 ′′ of the sky position of the WASP-2 system. With the addition of the observed effective temperature, metallicity and velocity amplitude of the host star, plus several sets of theoretical stellar model predictions, we have obtained the physical properties of the system. The planet WASP-2 b has a mass of 0.847 ± 0.038 ± 0.024 MJup (statistical and systematic errors) and a radius of 1.044 ± 0.029 ± 0.015 RJup, which is typical for transiting gas giants. Its host star is a 0.8 M⊙ and 0.8 R⊙ K1 dwarf with a large and largely unconstrained age. The equilibrium temperature of the planet, 1280 ± 21 K, puts it firmly into the pL class (Fortney et al. 2008 ).
The high precision of our mass and radius measurements for WASP-2 b means this planet is now one of the best-understood TEPs. This is partly due to the small scatter in our light curves, but also to the physical configuration of the system. Transiting planets with relatively low orbital inclinations suffer from less correlation between inclination and the stellar radius, resulting in betterdefined light curve solutions. Low-inclination TEPs also spend a larger fraction of their time in the partial phases of their eclipses, making transit timings more accurate. We find uncertainties of as little as 8 s in the times of the three transits presented here: WASP-2 would be an excellent candidate for a transit timing study, and such Table 8 . Light curve parameters of WASP-2 taken from the literature, for comparison to the results presented in Table 7 . Quantities without uncertainties have been calculated from other parameters given in that study. Only the study by Daemgen et al. (2009) accounts for the light from the faint companion star. 
